in a 4-yr corn-oat +clover-grain sorghum-soybean rotation. Interactions between crop rotation and fertilizer N rate were also determined. The study was conducted for 4 yr on a Sharpsburg silty clay loam (fine, montmorillonitic, mesic Typic Argiudoll) near Mead, NE. Continuous soybean produced less seed (2.4 Mg ha-') than soybean in rotation (2.7 Mg ha-' average). Rotations in which soybean followed sorghum in rotation produced higher seed yield (2.8 Mg ha-') than soybean following corn (2.6 Mg ha-'), mainly because soybean following sorghum responded positively to N applications, while soybean following corn did not. ROP ROTATIONS have long been known to increase C crop yields. A grass-legume rotation often produces optimum expression of rotation effects. A cereal crop typically produces greater yields when following a legume, than as a monoculture or following another cereal crop. Similarly, soybean produced higher yield when grown in rotation with a grass crop than when grown in continuous monoculture (1,8). Fahad et al.
ROP ROTATIONS have long been known to increase C crop yields. A grass-legume rotation often produces optimum expression of rotation effects. A cereal crop typically produces greater yields when following a legume, than as a monoculture or following another cereal crop. Similarly, soybean produced higher yield when grown in rotation with a grass crop than when grown in continuous monoculture (1, 8) . Fahad et al.
(4) implicated changes in soil physical properties as a reason for soybean yield response to rotation. Waterstable aggregates were smaller and the water infiltration rate was greatly reduced under continuous soybean production compared with soybean grown in rotation.
Soybean is a legume crop capable of symbiotic N2 fixation with Rhizobium spp. Studies have shown that the optimum rate of N applied for cereal crop production is lower following soybean than following other crops (6, 7, 14) , leading to the assumption that soybean contributes N to subsequent cereal crops. Heichel and Barnes (6) used N isotopes to study N relationships in soybean cropping systems and concluded that soybean removed N from the system, leaving a net deficit of up to 80 kg N ha-'. Under Minnesota conditions, soybean obtained about 40% of its N from symbiosis and about 60% from the soil (6). Similar results were obtained by Welch (14) in Illinois.
If soybean is a net consumer of N, one might expect it to respond to N fertilization. Reports of soybean yield increases due to N fertilizer applications are rel- atively rare (5,10,13). Several researchers report that nodulation, and presumably symbiotic N2 fixation, is inversely proportional to soil N content (3, 12) . Sorensen and Penas (10) found yield increases due to applied N in 9 of 13 locations in southeast Nebraska. Welch et al. (15) found that soybean yields were not affected by residual N applied to the previous corn crop or applied fertilizer N.
In the research reported here, soybean response to rotation and N rate was studied as a part of a larger crop rotation experiment. Objectives were to determine the yield of soybean grown in four crop rotations in contrast with continuous monoculture, and to evaluate interactions of crop rotation and N rate.
MATERIALS AND METHODS
The study was located at the University of Nebraska Agricultural Research and Development Center near Mead, NE on a Sharpsburg silty clay loam with an organic matter content of 31 g kg-' in the upper 75 mm. 'Pella' soybean was grown in continuous monoculture (CSB) and in four rotations in the study. Rotation treatments, coded by preceding crop and length of rotation, included (i) a 2-yr rotation of corn (Asgrow hybrid RX 717)-soybean (CORN2); (ii) a 2-yr rotation of grain sorghum ( N o r t h r u p n g hybrid NK 2244)-so bean (SORG2); (iii) a 4-yr rotation of grain sorghum--y-T oat+c over ('Bates' + 80% sweetclover 'Madison' + 20% red clover)-corn-so bean (CORN4); and (iv) a 4-yr rotation of corn-oat + c k a i n sorghum-soybean (SORG4). A mixture of red clover and sweetclover was used to insure a clover stand, as Melilotus spp. are subject to infestations of sweetclover weevil (Sitona cylidricollis). Monoculture corn, sorghum, and soybean plots had been cropped continuously since 1972. Each phase of every rotation occurred in every year for a total of 12 rotation treatments, thus variation due to year could be removed from error variation. Treatments assigned to experimental units were actually factorial combinations of rotation and crop within rotation. The resulting treatment design is shown in Table 1 .
Crop residue from the previous crop year was shredded in late November with a rotary mower. Plots were disked with a tandem disk in early or mid May, then field cultivated and harrowed just prior to planting. Soybean plots were planted in mid to late May or early June with a six-row planter at a rate of 370 000 live seeds ha-'. Weeds were controlled with a pre-emergence application of metolachlor [2-chloro-N-(2-ethyl-6-methylphenyl)-N-( 2-methoxy-1 -methylethyl) acetamide] or alachlor [2-chloro-2,6-diethyl-N-(methoxymethy1)-acetanilide] along with linuron [3-(3,4-dichloropheny1)-1 -methoxy-1 -methylurea1 at recommended rates. In 1983 and 1984, soybean plots were rotary hoed for weed control soon after the appearance of unifoliolate leaves. Plots were cultivated during mid to late June with a six-row rolling cultivator.
Main plots, 9 m wide (12 rows by 0.76 m between rows) by 32 m long, were assigned rotation treatments in four randomized complete blocks. Each main plot was split into three subplots (9 by 10 m each) separated by 1-m alleys for N rate comparisons. Subplots were randomly assigned N application rates of 0, 34, and 68 kg N ha-' for soybean and oat + clover, and 0, 90, or 180 N kg ha-' for corn and grain sorghum. Nitrogen application to soybean is not a recommended practice in Nebraska, but this was done so each plot 727 in rotation had the same cumulative total N applied when averaged over an even number of years (Table 1) . Plots in continuous monoculture received less (for continuous soybean) or more (for continuous corn and continuous grain sorghum) total N across years than plots in rotation. Nitrogen was sidedressed as a liquid urea-ammonium nitrate solution (32-0-0) in 1983 and 1984, and broadcast as granular ammonium nitrate (34-0-0) in 1985 and 1986. Oat + clover plots were fertilized by broadcasting granular ammonium nitrate in all years.
Volumetric soil water content was estimated using the neutron scatter technique approximately twice each month during the growing season in 1984 to 1986. Aluminum access tubes were installed 3 to 5 wk after emergence in the zeroand high-N rate subplots of all treatments. Readings were taken in five 0.3 m increments to a depth of 1.5 m from three replicates with a neutron probe calibrated for soils at the site. Total soil water content in the profile was estimated by multiplying the volumetric water content at each depth by 0.3 m and summing the values.
Dry matter samples (one row by 5 m) were collected each year during 1984 to 1986 for all crops at physiological ma- 
Note: N rates for C and GS are 0, 90, or 180 kg ha-', while SB and OCL receive 0, 34, or 68 kg ha-'. turity. Soybean samples were threshed for grain with a stationary plot thresher. Soybean was harvested for seed yield in mid October with a plot combine. Harvested area was three rows by 9 m, except in 1984 when two rows by 9 m was harvested.
Yield data were analyzed by rear and combined for analysis after determining homogeneity of error variances. Orthogonal comparisons were used to partition treatment sums of squares to directly evaluate treatment objectives (1 1). In cases where treatment interactions with year involved changes in rank, only analyses by individual year are discussed. All statistical analyses were performed using the Statistical Analysis System (SAS) (9).
RESULTS AND DISCUSSION

Seed Yield
Significance of F-values determined from analysis of variance of soybean yield is shown in Table 2 . The effects of rotation and N rate on soybean yield varied by year (Table 3) . Specific interactions will be addressed, but examination of rotation means across 4 yr is important to estimate yield trends (Table 3) . Soybean grown in rotation produced an average of 0.31 Mg ha-l more seed than when grown in continuous monoculture. Averaged across 4 yr, rotations in which soybean followed grain sorghum produced greater yield than when following corn, mainly due to a different N response (Table 3) . Soybean yields following grain sorghum were increased with additions of N fertilizer, while yields following corn were not affected. Explanation of the differential N response was not evident in soil-water or soil-N data. The observations suggest a greater immobilization of fertilizer N folloiwing sorghum than following corn. Immobilized N in plots following sorghum could then become available to the plant during pod fill and seed development stages.
Rotation X year and N >< year interactions 190th involved changes in treatment rank across years, so data are presented by year (' Table 3 ). In 1983, yields were low and CV was high relative to other years (Table 2). Soybean was planted slightly earlier than normal (1 1 May 1983) and yields may have been reduced by dry conditions in July when plants were flowering (Fig. 1) . Continuous soybean produced less seed than soybean in rotation, but differences among rotations and N rates were not significant in 1983.
In 1984, nearly all of the treatment comparisons were statistically significant (Table 2 ), in contrast with other years when few comparisons were significant. In 1984, the effect of N application varied with rotation (Table 3) . Soybean following grain sorghum (SORG2 and SORG4) produced greater yields with fertilizer N applications. Soybean following corn either did not respond to N (CORN2) or produced less yield with the high N rate (CORN4). Soybean in continuous monoculture (CSB) also produced less yield at the 68 kg N ha-' rate than at the 0 or 34 kg N ha-' rates. Precipitation during the growing season is often the most important limitation to nonirrigated crop yields in Nebraska. Rainfall in 1984 was plentiful during the early part of the growing season and well below normal during July to September (Fig. 1) . Soybean likely experienced moisture stress during pod elongation and seed development in 1984, but profile water content did not differ with rotation or N treatment (Fig. 2.) .
Rotation did not affect soybean yield in 1985, but yield was affected by N rate. Yield declined with the first increment of applied N, but yield at the 68 kg N h-I rate equaled yield from control (zero N) plots (Table 3). Other researchers have reported incidences of depressed activity by symbiotic Rhizobium spp. with applied N (3, 5, 10, 12, 14) , which may have decreased seed yield. We did not study Rhizobium activity, however we suspect application of 34 kg N ha-' was sufficient to inhibit symbiotic N2 fixation, but insufficient to meet the N requirements of soybean. Application of the second increment of N may also have inhibited N2 fixation, but the additional N was adequate for optimum seed yield. Soybean yields in 1986 were affected by rotation, but not by N application ( Table 2) . Yields were high (Table 3 ) and most of the variation due to rotation could be described using two contrasts: continuous vs. rotation and 2-yr vs. 4-yr rotations. Soybean in rotation produced an average of 0.3 Mg ha-' more than soybean in continuous monoculture. Four-year rotations produced an average of 0.2 Mg ha-I more than the 2-yr rotations in 1986. Differential performance of 2-yr vs. 4-yr rotations may be due to improved soil physical properties (4) pathogens (2) resulting from reduced frequency of soybean in the rotation.
Water Use
Water use was monitored using the neutron scatter technique to determine total water content in the profile. Water content in the 0-to 1.5-m profile within soybean treatments did not at any time differ with rotation or N treatment. In 1984, water depletion did occur throughout the growing season (Fig. 2) , but differences between treatments were not significant. In 1985 and 1986, precipitation in July to September was at or above the 30-yr mean and appreciable water depletion did not occur. Water use data are not presented for 1985 and 1986 , but 1984 2) to demonstrate similarities among treatments in profile water content reductions over the growing season.
Dry Matter, Plant Moisture, and Seed Size
Differences in DM production due to treatment were much less pronounced than for seed yield (Table  2) . Dry matter production at physiological maturity was affected by year, however treatment effects were consistent across years so data were combined for analysis. Soybean growth in rotation produced more DM than continuous soybean; 6.0 Mg ha' 1 vs. 5.6 Mg ha-1 , respectively. Nitrogen applications did not affect soybean DM production with one exception; soybean response to applied N differed between SORG2 and CORN2. Soybean in SORG2 averaged 6.5, 5.7, and 6.0 Mg ha-1 , while soybean in CORN2 averaged 5.7, 5.8, and 6.2 Mg ha-1 at N rates of 0, 34, and 68 kg N ha-1 , respectively. Since N applied to soybean following sorghum caused a seed yield increase and a DM decrease, the N response must be due to a differential partitioning of DM based on a previous crop. Again, observations suggest a greater immobilization of fertilizer N following sorghum than following corn, and if that immobilized N becomes available later in the growing season, it translates into higher seed yield for soybean following sorghum.
Plant moisture at physiological maturity wa:5 affected by N rate in 1985 and 1986. Additions of N increased plant moisture in both years. Although differences were statistically significant, the effect was minimal (< 15 g kg-') in 1985, and slightly more pronounced in 1986. Moisture content averaged 330, 360, and 380 g kg-' in 1986 for the 0, 34, and 68 kg N ha-1 rates, respectively. Plant moisture differences indicate that maturity of soybean was delayed by fertilizer N application, while the effects of rotation on plant moisture content were minimal in magnitude and not consistent across years.
Soybean in 4-yr rotations produced larger seed (0.224 g seed- ). Neither N rate nor type of preceding crop (corn or grain sorghum) in rotation affected seed size. Since seed size was affected by rotation in 1985 and seed yield was not, seed size and seed number per unit area varied inversely to produce equivalent seed yields across rotations.
CONCLUSIONS
Soybean grown in continuous monoculture produced lower seed yield, less dry matter, and smaller seed than soybean grown in rotation. Rotations in which soybean followed grain sorghum tended to produce greater seed yield than soybean after corn, mainly because soybean after sorghum responded to applied N. Soybean following grain sorghum responded to fertilizer N with increased seed yield, whereas soybean following corn either did not respond (CORN2) or seed yield declined at the high-N rate (CORN4), Observations suggest the differential N response was due to a greater immobilization of fertilizer N following sorghum, leading to greater N availability during podfill stages. Further research should investigate this response, and quantify changes in soil physical properties as influenced by crop rotation.
